abstract BACKGROUND AND OBJECTIVES: Blood culture is the gold standard to diagnose bloodstream infection but is usually time-consuming. Prediction models aim to facilitate early preliminary diagnosis and treatment. We systematically reviewed prediction models for health care-associated bloodstream infection (HABSI) in neonates, identified superior models, and pooled clinical predictors. Data sources: LibHub, PubMed, and Web of Science.
RESULTS:
The systematic search revealed 9 articles with 12 prediction models representing 1295 suspected and 434 laboratory-confirmed sepsis episodes. Models exhibit moderate-good methodologic quality, large pretest probability range, and insufficient diagnostic accuracy. Random effects meta-analysis showed that lethargy, pallor/mottling, total parenteral nutrition, lipid infusion, and postnatal corticosteroids were predictive for HABSI. Post hoc analysis with low-gestational-age neonates demonstrated that apnea/bradycardia, lethargy, pallor/mottling, and poor peripheral perfusion were predictive for HABSI. Limitations include clinical and statistical heterogeneity.
CONCLUSIONS: Prediction models should be considered as guidance rather than an absolute indicator because they all have limited diagnostic accuracy. Lethargy and pallor and/or mottling for all neonates as well as apnea and/or bradycardia and poor peripheral perfusion for very low birth weight neonates are the most powerful clinical signs. However, the clinical context of the neonate should always be considered.
Health care-associated bloodstream infection (HABSI) is the most frequent infectious complication in NICUs. Previous studies document incidence rates ranging from 5% to 32%. [1] [2] [3] [4] For neonates with very low birth weight (#1500 g), the National Institute for Child Health and Human Development reported an incidence of 21%. HABSIs result in longer hospitalization (on average, +23 days) and a rise in mortality rate up to 24% for very low birth weight neonates. [5] [6] [7] [8] [9] [10] Likewise, for pediatric and adult intensive care patients, HABSI is a common infectious complication. [11] [12] [13] Blood culture is the gold standard test to diagnosis HABSI but prone to false-negative or false-positive results. [14] [15] [16] Blood cultures positive for coagulasenegative staphylococci or other skin commensals might represent falsepositive results due to contamination. Conversely, low blood culture volumes, which are a major issue in premature neonates, and previous antimicrobial therapy may be responsible for false-negative results. [16] [17] [18] The test is not only imprecise but also time-consuming. Hence, with respect to both diagnostic and therapeutic strategy, clinicians often must make preliminary decisions based on largely nonspecific signs, especially in very low birth weight neonates. Because of the possibly devastating consequences of HABSI, a low threshold for initiating antimicrobial therapy is generally accepted. 19 Nonetheless, inadequate, inappropriate, or unnecessary empirical treatment can foster antimicrobial resistance, compromise gastrointestinal immunity, and is associated with adverse outcomes. 20, 21 In this context, prediction models with clinical parameters, in particular, clinical signs, have been developed to facilitate preliminary sepsis diagnosis and the initiation of antimicrobial therapy.
The first aim of this study was to systematically review prediction models for HABSI in hospitalized neonates and to evaluate their diagnostic accuracy to find superior models. The second aim was to pool odds ratios (ORs) of individual clinical parameters to detect superior clinical predictors of HABSI in neonates.
METHODS
A systematic literature review, diagnostic accuracy assessment of the prediction models, and random effects meta-analysis of clinical parameters were performed. The results are reported in accordance with the PRISMA guidelines (Preferred Reporting Items for Systematic Reviews and Meta-Analysis).
Literature Search Strategy
A systematic search was done by 2 independent researchers (E.V., S.B.) on PubMed, LibHub, and Web of Science without language and time period restrictions (up to April 2014). After record screening based on abstract, language restrictions were applied. All keywords or Mesh terms were applied for [Title and/or Abstract] or [Topic] and contained four parts: (1) "bloodstream infection*" or "blood stream infection" or "sepsis" or "septic(a) emia*" or "bacter(a)emia*"; (2) Additional searches were performed by reviewing the bibliography of the retrieved full text articles and by a manual search of expert authors.
Study Selection Criteria
We included studies creating a prediction model for laboratory-confirmed HABSI with clinical signs. Laboratoryconfirmed HABSI or sepsis was defined as a positive culture of blood, cerebrospinal fluid, pleural fluid, and/or urine; culturing was at least 48 hours after birth or admission. Target population was a consecutive series of hospitalized neonates with suspicion of sepsis. It was required that in these studies, relationships between clinical parameters and sepsis were assessed by univariate analyses, whereas prediction models were developed by regression modeling; sensitivities, specificities, or ORs needed to be reported. Clinical parameters under research must be recorded preceding or at time of culturing. The final prediction model needed to include at least 3 predictors; because neonatal sepsis is a complex clinical syndrome, prediction models based on 2 possible parameters may not be justified. A checklist with all inclusion criteria was used to assess eligibility of the studies, and when in doubt, issues for inclusion or exclusion were discussed between the 2 independent researchers.
The following items were collected: population characteristics, setting, methods, statistical methods, exclusion criteria, applied case definition, definition for suspected HABSI/sepsis, total suspected episodes, total HABSI/sepsis episodes, assessment time of a suspected episode, clinical parameter definitions, predictor/ event ratio, and prediction model accuracy. Model diagnostic accuracy was assessed by pre-and posttest probabilities, sensitivities, specificities, and positive and negative likelihood ratios.
Quality Assessment
The Quality Assessment of Diagnostic Accuracy Studies-2 scale was used to evaluate the methodologic quality of the included studies. 22 This validated scale assesses criteria on 4 domains: patient selection (consecutive or random sampling, inappropriate exclusions, description of included patients), index test (description, execution, blinded interpretation), reference standard (accuracy, blinded interpretation), and flow and timing (application of and interval between reference standard and index test, exclusions for analysis). Because of limitations in quality scales, we also examined other individual components of methodologic standards for prediction models: clearly defined outcome and predictive variables, description of patient characteristics, and crossvalidation. [23] [24] [25] In addition, overfitting, which is a substantial threat in multivariate regression modeling, was assessed by calculation of the number of predictors included in the regression model per total events; this is termed the predictor/event ratio.
Statistical Methods
Comparisons between groups were performed by using the 26 Funnel plots will be constructed for assessment of publication bias when at least 10 studies are included.
RESULTS
In total, 80 studies were retrieved of which 9 were included, representing 12 prediction models or scores, a total of 1295 suspected and 434 laboratory-confirmed HABSI episodes. Figure 1 shows the results of the search strategy. The research period spanned from 1993 to 2007 with 3 western European, [27] [28] [29] 4 South Asian, [30] [31] [32] [33] 1 Canadian, 34 and 1 Turkish study. 35 All researches were performed in level III settings of which one 33 was conducted in a low-resource level III hospital.
Excluded Studies Not Meeting Inclusion Criteria
One study 6 was excluded because the time frame of recorded clinical parameters encompassed a 24-hour follow-up postsepsis onset. Six studies developed a prediction model including early-onset [36] [37] [38] or community-acquired episodes of sepsis. [39] [40] [41] In several studies by Griffin et al, [42] [43] [44] heart rate characteristics and clinical parameters are under study, and prediction models are developed. However, the studies of Griffin and colleagues as well as the research of Modi et al 45 considered all NICU patients rather than neonates with suspicion of HABSI.
Methodologic Quality of the Included Studies
The methodologic performance of the included studies could be considered as low-medium risk for bias. Patient selection was mostly well described, as was the motive for patient exclusion. Selected patients were all under suspicion of sepsis and underwent the reference test (ie, blood, urine, or cerebrospinal fluid culturing) and an index test (ie, clinical prediction score or model). Index tests were overall well developed using similar statistical methods. The reference test blood culturing is considered medium risk for bias because it is known not to be 100% accurate. Because blood culture results are available only after at least 12 hours and the index test was performed before the blood culture test, the studies can be considered as double blinded, except for the 2 retrospective studies. 31, 35 Assessment of methodologic standards for prediction models exhibited clearly defined outcome for all studies, moderate description of patient characteristics, and occasionally clearly defined clinical parameters. In particular, the definitions of the clinical signs and the interobserver variability in interpretation might be a medium risk for bias. Two studies 29, 33 had no validation cohort but used a bootstrapping statistical technique for internal validation. Most studies defined the time of assessment as "day of sepsis workup," so a time frame for data collection of a maximum of 24 hours preceding sepsis workup is acknowledged. The 2006 retrospective study of Dalgic et al 35 did not describe the applicable time frame for data collection. Concerning the issue of overfitting, the 2005 study of Okascharoen et al 31 overruled the generally accepted 1:10 predictor/event ratio, so this might be a risk for bias. A visual presentation rating the risk of bias in low, medium, and high is presented in Supplemental Appendix 1.
General Description of the Included Studies
Characteristics of the 9 included articles are shown in Table 1 . Pretest probability of sepsis ranged between 17% to 55%, indicating an important variation in study population. Three studies did not include all neonates with suspicion of sepsis in their research; selection was made for neonates with gestational age ,34 weeks 29, 33 and for birth weight $1000 g and #2500 g. 32 One study 35 did not report information on patient characteristics but did focus on nosocomial sepsis in neonates on neonatal intensive care. Two studies were internal 34 and external validation studies 28 of their former developed prediction score study. Another 2 studies 32, 33 are adapted external validation studies of Singh et al. 30 
Characteristics and Diagnostic Accuracy of the Prediction Models
Characteristics and diagnostic accuracy of the 12 prediction models with several cutoff scores are tabulated in Table 2 . It is observed that 3 models with a particular cutoff score have a sensitivity of at least 95%. Of these 3 models, Mahieu et al's nosocomial sepsis score (NOSEP), 27 with a point score of 8 or higher, displays the highest specificity and positive likelihood ratio. Figure 2 is a visual comparison of the sensitivity and specificity of 7 models. If a model has several cutoff scores, it is represented with its highest sensitivity model. Table 3 . Figure 3 displays the forest plots of the 5 significant clinical parameters predictive for HABSI in neonates. Because 10 of 18 clinical parameters exposed medium to high statistical heterogeneity, a post hoc analysis was performed with 2 studies, 29, 33 including solely low gestational age neonates (,34 weeks) and 9 clinical signs. Pooled OR and statistical heterogeneity of these 9 signs are tabulated in Table 4 . Figure 4 displays the forest plots of the 4 significant clinical signs predictive for HABSI in low gestational age neonates (,34 weeks).
Random Effects Meta-analysis

DISCUSSION
To our knowledge, this is the first systematic review of clinical prediction models for HABSI in neonates. Three prediction models
FIGURE 1
Summary of the literature search and study selection. The strengths of this study include methodologic quality and diagnostic accuracy evaluation of the models and a random effects meta-analysis design.
Diagnostic Accuracy of the Prediction Models
The variables of the included prediction models were largely different, so diagnostic test accuracy meta-analysis had no clinical connotation and was not executed. Considering diagnostic accuracy, preand posttest probability, sensitivity, specificity, and positive and negative likelihood ratios were assessed. First, a large range in pretest probability was detected, reflecting the fundamental variation in clinical condition of the study population and influencing the posttest probability results. In addition, some models exhibit minor progress when comparing pre-and posttest probability (range of progress, 3%-59%); major improvement (.50%) was noted for the NOSEP score of 14 and the bedside prediction score of 6, although the latter experienced a low pretest probability. Mahieu et al's 27, 28 2 NOSEP score models, which have high pretest probability, have shown good pre-to posttest probability progress, which might indicate effectiveness. Second, diagnostic performance is a major concern. It is observed that only 3 models have sufficient sensitivity. A sensitivity of $95% is required for a potentially lethal condition such as HABSI. The NOSEP score of 8 of Mahieu et al, 27 the clinical score (1 sign) and sepsis screen (2 biomarkers) of Kudawla et al, 32 and the reduced model (1 sign) of Bekhof et al 29 exhibit 5% or fewer false-negative cases. In contrast, the specificity of these 3 models is low (range, 18%-43%); of these 3, the NOSEP score of 8 reports the highest specificity (43%), nonetheless indicating 33.7% false-positive cases (n = 35) and only a 1.67 chance on a positive test for cases versus noncases. However, when clinical deterioration is a criterion for culturing, those 33.7% false-positive cases might be considered true-positive cases for another illness, justifying antimicrobial therapy. In contrast, when a C-reactive protein of 1 mg/dL is a criteria for culturing and a NOSEP score of 8 is detected, the clinical condition of the neonate might not yet be taken into consideration; for example, a neonate receiving TPN $14 days with a neutrophil fraction .50% has a NOSEP score of 9. In this case, the score can indicate close monitoring of the neonate and increased or more frequent observation of clinical signs. Clinically, antibiotic treatment might be postponed until clinical deterioration or a score of 11 is reached so that overtreatment can be repressed. 46, 47 Overall, prediction models have been developed to streamline the plethora of signs and risks for HABSI and thus to facilitate medical judgment and decision-making concerning treatment. In clinical practice, the interpretation of the nonspecific clinical signs is pivotal, although not always obvious and subject to interobserver variability. The consistency with other symptoms as well as underlying conditions must be considered. Important here is the weight assigned to a clinical observation. It is not only the presence of a clinical sign but primarily a change in the presentation of that clinical sign that might lead to accurate prediction of HABSI. 45, 48, 49 For example, premature neonates can have more respiratory distress than full-term neonates, so signs such as apnea, chest retraction, and grunting might be less appropriate to predict HABSI. However, when a sign is defined as "an increase of" or "acute onset of," the clinical relevance is emphasized. Suggestions for risk stratification based on setting, birth weight, or gestational age could also be considered in this context. [50] [51] [52] [53] Random Effects Meta-analysis
Lethargy and pallor/mottling are significant clinical signs predictive for HABSI (P , .050) and are observed with a high statistical heterogeneity of $50%; post hoc analysis with low gestational age neonates revealed a reduction to 0%, thus heterogeneity might be caused by clinical differences. Caution is warranted in interpretation regarding post hoc analysis, but omitting the results of Okascharoen et al, 31 which showed the strongest association for lethargy and pallor/mottling, can also be interpreted as a sensitivity analysis. Therefore, it is likely that our results
FIGURE 2
Paired forest plot of sensitivities and specificities of 7 models represented with their highest sensitivity model. FN, false-negative; FP, false-positive; TN, true-negative; TP, true-positive. Forest plots of the 5 significant parameters predictive for health care-associated bloodstream infections in neonates. Neg, negative; Pos, positive. 27 (unadjusted OR 1.1, CI 0.5-2.4), representing 180 neonates, 60 of whom had laboratory-confirmed HABSI. The lack of power might be a concern here.
Limitations and Recommendations
Although a systematic search was done by 2 independent researchers, incomplete retrieval of studies, as well as publication bias and heterogeneity, might influence our results.
Concerning the power of the random effects meta-analysis, some pooled parameters are based on ,200 suspected cases or ,100 laboratoryconfirmed cases. For future research, it might be interesting to include all studies in which the objective was to find clinical parameters predictive for HABSI or nosocomial sepsis by univariate analysis. As such, power of the pooled results will increase.
In the past decade, much research has considered heart rate characteristics as an early diagnostic sign for neonatal sepsis. [64] [65] [66] [67] [68] Including an index of heart rate characteristics in a prediction model for neonatal sepsis seems promising. 64, 66, 69, 70 Differing characteristics of the neonatal populations in various settings are not always reported; this may lead to concerns with external validity of the prediction models. The addition of clinical parameters related to specific neonatal services
FIGURE 4
Forest plots of 4 significant clinical signs predictive for health care-associated bloodstream infections in low gestational age (,34 weeks) neonates. Neg, negative; Pos, positive.
and subgroups is recommended for future work. 
